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Perpendicularly magnetized magnetic tunneling junctions (MTJs) are of great interest as promising candidates for highdensity and low-energy-consumption data storage applications. [1] [2] [3] [4] [5] A commonly used stack structure having perpendicular magnetic anisotropy (PMA) consists of heavy metal (HM)/ ferromagnet (FM)/insulator (I), where the PMA originates from interfacial perpendicular anisotropy. 1, [6] [7] [8] [9] For a number of material combinations, the PMA in the HM/FM/I structure has low thermal tolerance, degrading after annealing at high temperatures. This has been attributed to the degradation of the HM/FM interface at high temperature, resulting from the HM diffusion into the FM layer. [10] [11] [12] [13] For example, in a Ta/ CoFeB/MgO structure, the PMA degrades severely once the annealing temperature (T ann ) is higher than 300 C. 11, 12, 14 The low thermal tolerance in PMA is not compatible with backend-of-line processes in advanced semiconductor technologies, which may require thermal processing of over 350 C. 15 Furthermore, high-temperature annealing is required to achieve high tunnel magnetoresistance (TMR) for readout in memory elements. To solve this problem, it has been observed that using a Mo layer as a buffer layer can significantly improve the thermal tolerance of PMA due to the suppression of HM diffusion at the HM/FM interface, [16] [17] [18] [19] thereby simultaneously allowing high PMA and TMR after annealing at temperatures above 400 C. On the other hand, an in-plane current can generate spin-orbit torques (SOTs) on the magnetic layer in the HM/ FM/I structures. [20] [21] [22] [23] [24] [25] [26] [27] This scheme has been studied as a potential writing method to switch a perpendicular memory bit because it allows for a lower writing energy compared with the case using conventional spin-transfer torques. 21 As a result, from the perspective of practical applications where magnetic memory bits are integrated in a conventional semiconductor process, it is important to realize SOT-driven magnetization switching in perpendicularly magnetized materials with a high thermal annealing tolerance, which, however, has not been demonstrated to date.
In this work, we experimentally demonstrate SOTdriven switching in the perpendicularly magnetized Ta/Mo/ CoFeB/MgO structure, where the structure sustains the PMA at temperatures of up to 430 C. When the Ta layer is replaced by a Pt layer, the magnetization switching direction favored by the applied current is reversed, due to the opposite sign of the spin Hall angle h SHE of Pt compared to that of Ta. This result indicates that the switching is dominated by the bottom HM layer rather than the Mo layer. Thus, the thin Mo insertion layer not only enhances the thermal tolerance of PMA but also allows for spin current transmission from the bottom HM layer into the CoFeB layer. We also quantitatively measure and compare the damping-like SOT effective fields for Ta-, Ta/Mo-, and Pt/Mo-based samples.
The samples, with structures of X/CoFeB(1 nm)/ MgO(2 nm)/Ta(2 nm), where X ¼ Ta(5 nm), Ta(5 nm)/ Mo(1 nm), or Pt(5 nm)/Mo(1 nm), were grown on Si/SiO 2 substrates by magnetron sputtering at room temperature. The metallic layers were deposited by DC-sputtering, and the MgO layer was deposited by rf-sputtering. The samples were a)
Author to whom correspondence should be addressed. Electronic mail: guoqiangyu@ucla.edu annealed at different temperatures to study the effect of annealing conditions on device properties. Magnetic properties of these films were characterized by a vibrating sample magnetometer (VSM). The samples were patterned into Hall bar devices using a standard photolithography and dry etching techniques. The damping-like SOT effective fields were characterized through harmonic measurements using a physical property measurement system (PPMS). All the measurements are carried out at room temperature. Figure 1 shows the in-plane and out-of-plane hysteresis loops for Ta-and Ta/Mo-based samples annealed at different temperatures. The effective anisotropy field (H k ), defined as the saturation field of the hard-axis hysteresis loop, decreases with the annealing temperature for both structures, which indicates that the PMA decreases with temperature in the studied temperature range. The Ta-based sample loses its PMA when the annealing temperature is 330 C or above. In contrast, the Ta/Mo-based sample sustains its PMA at annealing temperatures of up to 430 C, which is significantly enhanced compared with the Ta-based samples. These maximum annealing temperatures showing stable PMA for the Ta-and Ta/Mo-based samples are consistent with previous reports. 18, 28, 29 It has been reported that the degradation of PMA in Tabased samples is due to the diffusion of Ta into CoFeB. 13 In Ta/Mo-based samples, the greatly improved thermal tolerance has been attributed to a higher alloying energy of FeMo compared to Fe-Ta, 16 which results in less Mo diffusion into the CoFeB layer during annealing. The difference in HM diffusion is also reflected in the difference of the saturation magnetization (M s ) for the two samples, as shown in the inset in Fig. 1 (f). The M s of the Ta/Mo-based sample is $1000 emu/cc, which is larger than that of the Ta-based sample ($670 emu/cc). This can be attributed to the fact that the more pronounced diffusion in the Ta-based sample results in a thicker dead layer in comparison with that of the Ta/Mo-based sample. 17 Having demonstrated the thermally robust PMA in the Ta/Mo-based samples, we next demonstrate the current-driven magnetization switching and compare the damping-like SOT in these samples. The films were patterned into an array of Hall bars (20 lm Â 120 lm), and the devices were characterized using anomalous Hall effect (AHE) measurements, as shown in Fig. 2 (a). Figure 2 (b) shows the schematic of the current-generated SOT. During the current-induced switching experiments, a constant in-plane external magnetic field (jH x j ¼ 27 mT), collinear with the DC current direction, is applied to the sample, which is required for breaking the symmetry to enable deterministic out-of-plane reorientation. 25, 30, 31 Figures 3(a) and 3(c) show the in-plane currentdriven magnetization switching data for the Ta-and Ta/Mobased samples, which is obtained by measuring the anomalous Hall resistance (R AHE ). The results correspond to samples annealed at the maximum temperature which allows for stable PMA in each material system, i.e., 280 C and 430 C for Ta-and Ta/Mo-based samples, respectively. The inplane currents can switch the perpendicular magnetization for both structures. The polarity of the SOT-driven switching in the Ta-based sample is consistent with previous experiments, indicating a negative spin Hall angle, i.e., h SHE < 0. In the Ta/Mo-based sample, we observe the same switching polarity as that of the Ta-based sample, indicating that the spin current generated from the Ta/Mo bilayer has the same spin polarization as that from a single Ta layer. Previous experiments have shown that the h SHE of Mo is very small and has a negative sign (same as Ta). 32 Meanwhile, it has been reported that the spin diffusion length of Mo is much longer than 1 nm. 32, 33 Hence, it is expected that in our present devices, the spin current generated in the Ta layer can pass though the 1 nm Mo layer and exert a torque on the CoFeB free layer. As a result, the Mo layer improves thermal tolerance while allowing for the realization of currentinduced SOT from the underlying Ta layer. 3(d) show the switching phase diagrams for the two samples, which are extracted from the current-induced switching data with a series of in-plane magnetic fields. Comparing the two switching phase diagrams, it is evident that the switching currents for the Ta/Mo-based sample are larger than those for the Ta-based sample. This can be explained by following reasons: Firstly, due to the much lower resistivity of Mo ($10 lX cm) compared to Ta ($160 lX cm), the current in the Ta layer is greatly shunted by the inserted Mo layer, resulting in a reduction of the generated spin current in the Ta film. Meanwhile, the current flow in the Mo layer itself cannot efficiently generate spin current because of the small value of h SHE ($0.002). 32 Therefore, the generation of spin current in the Ta/Mo layers is less efficient in comparison with that in the Ta layer. In addition, the spin current is further reduced during the transmission from the Ta layer to the CoFeB layer because of the additional Mo insertion layer. Moreover, the effective perpendicular anisotropy energy K eff for Ta/Mo-based sample is larger than that for Ta-based sample (not shown here), hence requiring larger spin current for switching.
Since the Mo layer has a very small spin Hall angle and a long spin diffusion length, the observed SOT is likely dominated by the spin current generated in the Ta layer. In order to verify this speculation, we conducted additional current-driven switching experiments in a Pt/Mo-based sample annealed at 400 C, where the Pt layer has a positive sign of h SHE , 21, 22, 35 opposite to those of Ta and Mo. In this structure, the preferred switching polarities, seen in Fig. 3(e) , are opposite to those in the Ta/Mo-based sample. This result confirms that the switching is, indeed, driven by the spin current generated in the Pt layer and transmitted through the Mo spacer, rather than originating from the Mo layer itself. Figure 3(f) shows the switching phase diagram for the Pt/ Mo-based sample. The lower switching current in the Pt/Mobased sample compared with that in the Ta/Mo-based sample is mainly due to the low resistivity of the Pt layer, and hence the suppressed shunting effect of the Mo layer. We should note that we measured the resistivity of Pt ($45 lX cm) in a Ta(2 nm)/Pt(5 nm) sample, based on which we then calculated the resistivity of Mo ($25 lX cm) in the Pt/Mo-based sample. The resistivity of Mo in the Pt/Mo-based sample is $2Â larger than that in the Ta/Mo-based sample, which may be attributed to the increased roughness of the Pt buffer layer 34 in comparison with Ta buffer layer. Next, we quantitatively extract the values of the currentinduced SOT effective fields in the three different samples, using the well-established harmonic measurement technique. 14, [35] [36] [37] [38] To measure the damping-like SOT effective field, H D , which drives the magnetization switching, a small sinusoidal current (where I ac is the peak value and the frequency is f ¼ 15.85 Hz) is applied along the direction of external magnetic field, and thus the magnetization will be tilted away from the out-of-plane direction and oscillate around the equilibrium position, as seen in Fig. 2 
(b). A second-harmonic anomalous Hall resistance (R 2x
Hall ) is induced due to the current-induced oscillating damping-like field, which can be measured by a lock-in technique. Under the single domain approximation, this resistance is given by 37,38 R Hall shows a positive (negative) peak at a negative (positive) magnetic field for the Ta/Mo-based sample, while the opposite behavior is observed in the Pt/Mo-based sample, indicating that the sign of H D in the Ta layer is opposite to that in the Pt layer. Assuming that H D is independent of the magnetization direction (as discussed in previous papers 35 ,39 ), we can obtain H D by fitting Eq. (1) in the large field regime (jH x j > 0:5T). The fitting is shown by a solid line in Figs. 4(a) and 4(b) . We should note that the field-like torque contribution is negligible due to the relatively small planar Hall resistance ($9 mX), which is verified in additional second harmonic measurements with a rotating field applied in the sample plane (not shown here).
The H D values fitted from positive and negative magnetic fields have the same absolute value but opposite signs. Thus, we only show the H D extracted for positive fields in Fig. 4(c) . Assuming that the spin Hall effect is the origin of H D , 21, 22 the relationship between H D and h SHE is given by 40
, where jej, t F , and j represent the absolute values of electron charge, ferromagnetic layer thickness, and current density inside the layer that generates the spin current (Ta or Pt layer), and M S is shown in inset of Fig. 1(f) . The C. For the switching curves, the red curve and dark curve present the positive (H x ¼ 27 mT) and negative (H x ¼ À27 mT) fields, respectively. For the phase diagrams, the red and dark arrows in switching phase diagram represent the upward and downward magnetizations.
linear dependence of H D , shown in Fig. 4(c) , in different currents indicates that any nonlinear effects, such as the Joule heating induced by the current, are negligible in this case. The slopes of H D as a function of ac current, which are proportional to the spin Hall angle, are opposite in sign for the Ta/Mo-and Pt/Mo-based samples. This is consistent with the previously observed opposite signs of h SHE in Pt and Ta.
We define the spin-torque efficiency 14, 36, 41 
to characterize the SOT in our devices. It is noted that, when extracting b value for Ta/Mo-and Pt/Mo-based samples, we consider that the shunting current in the Mo has no contribution to the SOT due to its small h SHE . 32, 33 The b values of Ta and Pt in the Ta-, Ta/Mo-, and Pt/Mo-based samples with different annealing temperatures are plotted in Fig.  5 . The b value in the Ta-based sample is estimated to be $4 mT per 10 7 A/cm 2 , which is similar with previous reports, 14, 39 while the b value in the Ta/Mo-based sample is larger than that in a Ta-based sample. We may overestimate the b value in the Ta/Mo-based samples because of the neglect of the SOT resulting from the current in the Mo layer. By contrast, the opposite sign of h SHE between Mo and Pt may result in underestimating b value in the Pt/Mo-based sample. We should note that Pt/CoFeB has an in-plane easy axis, and the spin-torque efficiency of the Pt/CoFeB, 3.5 mT per 10 7 A/cm 2 , is slightly larger than that of Pt/Mo-based samples, indicating a much smaller shunting contribution from the Mo layer compared to the Ta/Mo-based sample. In addition, some other mechanisms, such as the change of the spin mixing conductance 42, 43 and the spin memory loss 44, 45 at the interface, may also be responsible for the over(under)-estimation.
The b values at different annealing temperatures for all three systems are shown in Fig. 5 . No obvious decrease in the b value is observed with the increasing annealing temperature. In the previous works, Avci et al. reported that H D decreases with the increasing annealing temperature, 14 and Garello et al. found the degradation of H D when the Ta/CoFeB/MgO was annealed at 300 C. 35 It is believed that the annealing temperature dependence of SOT mainly originates from the change of HM/FM interface quality. The differences between our results and previous reports may imply the complicated factors, such as the partial crystallization of CoFeB 29 and the diffusion of HM into CoFeB, 13 which affect the interface quality. Anyhow, the preserved large b values after high temperature annealing is beneficial for practical application.
In summary, we have demonstrated SOT-driven magnetization switching in perpendicularly magnetized Ta/Moand Pt/Mo-based films with annealing temperature of 400 C, which is greatly enhanced in comparison with Tabased films. The opposite polarity of current-induced switching for Ta/Mo-and Pt/Mo-based samples reveal that the Mo layer allows for the transmission of spin current generated in the heavy metal. Quantitative harmonic measurement for the damping-like SOT effective field was carried out for Ta/Moand Pt/Mo-based samples. This work provides a scheme to sustain the large SOT as well as maintaining PMA after high annealing temperatures, which will be beneficial for applying SOT in devices requiring high temperature processing during the back-end-of-line processes.
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